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Abstract
This chapter presents the results of experimental studies of the PECVD techno-
logical mode parameters’ influence on the formation of catalytic centers and carbon 
nanotubes’ (CNTs’) growth processes. This chapter also presents the ability to regulate 
the growth parameter for the controlled production of CNTs with the required geo-
metric parameters, properties, and growth mechanisms. The results of experimental 
studies of the heating temperature and activation time effects on the catalytic center 
formation will be presented. This chapter also shows the effects of growth tempera-
ture, heating rate, and the activation time on the geometric and structural parameters 
of the carbon nanotubes. Experimental studies were carried out with the use of AFM, 
SEM, TEM, and EXAFS techniques. The results can be used in the development of 
technological processes for creating ultrafast energy-efficient electronic component 
base with carbon nanostructures, particularly nanoelectromechanical switches, flexo- 
and piezoelectric generators, gas sensors, and high-performance emitters.
Keywords: carbon nanotubes, PECVD, nanotechnology, technological modes, 
growth mechanisms
1. Introduction
Unique properties of carbon nanotubes (CNTs) [1–5] open wide possibilities 
for their application as functional elements of carbon micro- and nanoelectronics 
devices [6–13]. Thus, for integration of the CNT growing methods in the mass pro-
duction technology, most of the interests are ordered arrays of single-walled CNT, 
and based on them, they are located at the place of use in accordance with the design 
of the developed device [14–18]. In this regard, there is necessary to provide the 
requirements for the structure, properties, and geometrical parameters of CNT [19].
For make requirements demanded to CNT, the plasma-enhanced chemical vapor 
deposition method (PECVD) is most promising [20, 21]. The initial stage of the 
CNTs' growing process is based on the thin layer formation of the transition metal, 
which are formed catalytic centers (CC) during subsequent destruction. On the 
surface of CC takes place dissociation of condensed carbon-containing gas molecules 
and transportation of free carbon atoms to the base of growing CNTs. The param-
eters of the catalytic centers (size, dispersion, chemical composition, etc.) [22, 23] 
determine the parameters of carbon nanotubes (diameter, height, chirality, electri-
cal properties, growth kinetics, etc.) that underlie their instrument application 
[20, 24]. In practice, CNT arrays are most often grown on nanoscale СС obtained 
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by coagulation of a nanoscale thickness metal film during annealing [25, 26]. For 
exclusion of the interaction between the CC and the substrate, it is necessary to form 
buffer layers based on metal or dielectric films.
In the PECVD method, there are a lot number of interrelated parameters (tem-
perature, pressure, gas flows, gas types, types of catalyst film material, etc.) that 
influence the processes of CC formation and CNT growth [27, 28].
This chapter describes the results of experimental research of the PECVD 
technological modes that influence on the formation of CC and vertically aligned 
carbon nanotubes’ (VA CNTs’) growth for the controlled production of nanotubes 
with the required geometric parameters and properties.
2.  Features of the PECVD process parameters’ influence on the 
formation of catalytic centers and carbon nanotubes’ growth
2.1 Experimental samples and equipment
Experimental research on the formation of catalytic centers and the growth 
of VA CNT was performed using the PECVD module of cluster nanotechnology 
complex NANOFAB NTK-100 (NT-MDT, Russia). A silicon wafer with a depos-
ited chromium film and a nickel catalytic film with thicknesses of 20 and 10 nm, 
respectively, was used as the initial substrate. Cr and Ni films were deposited by 
magnetron sputtering on an AUTO 500 (BOC Edwards, UK). The catalytic cen-
ters formation was performed in an argon and ammonia atmosphere. The CNT 
growth was performed in ammonia and acetylene atmosphere. In all experimen-
tal researches, the pressure in the chamber was 4.5 Torr. The structural analysis 
of the VA CNT arrays was conducted by the transmission electron microscopy 
(TEM) using the Tecnai Osiris (FEI, Netherlands) and the Raman spectrom-
eter Renishaw InVia Reflex (Renishaw plc, UK). Analysis of TEM images and 
Raman spectra showed that the experimental samples were multiwalled carbon 
nanotubes [29]. Surface investigations of the obtained VA CNT arrays were 
carried out using a scanning electron microscope (SEM) Nova Nanolab 600 (FEI 
Company, Netherlands). Investigation of structure and analysis of processes in 
catalyst films and sublayer was performed by extended X-ray absorption fine 
structure spectroscopy (EXAFS) with special source of synchrotron radiation 
(Kurchatov Institute, Russia). Analysis of geometric parameters of CC was 
conducted by atomic force microscopy using the Ntegra Probe Nanolaboratory 
(PNL) (NT-MDT, Russia). To process the experimental data, the ImageAnalysis 
application package was used.
2.2 The effect of heating temperature on the catalytic center formation
As a catalyst for growing CNT, most often used transition metals are Fe [30–34], 
Ni [35, 36], Co [37–39], and binary compounds based on them such as Fe-Mo [40], 
Co-Fe [41], Fe-Cu [42]. At the same time, an important factor to create devices with 
CNTs is the growth of nanotubes on the sublayer ohmic contact. This factor creates 
additional difficulties in technological process by increasing kinetic interactions 
at high growth temperatures, such as doping and formation of intermetallic com-
pounds between the catalyst and the sublayer material.
Experimental research was performed on the samples with Ni/Cr/Si structure. 
The samples were heated in the temperature range 700–800 with 50°С interval 
in PECVD module in the atmosphere of inert gas (QAr = 40 sccm) and ammonia 
(QNH3 = 15 sccm). Argon is used to purge the chamber and remove residual air. 
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Ammonia creates a reducing atmosphere in the reactor that prevents oxidation of 
the catalytic film. During the annealing fragmentation and corrugating, Ni film 
occurs with catalytic centers formation.
On the initial samples, according to the SEM data, the surface of the structure 
was smooth. After heating the samples to a given temperature, the metal film was 
fragmented with CC formation (Figure 1).
Analysis and statistical processing of the obtained AFM images allowed to 
obtain the dependence of the catalytic centers height and diameter by substrate 
heating temperature (Figure 2).
From the obtained dependences (Figure 2), it can be seen that the heating 
temperature has a significant effect on the geometric dimensions of the CC. The 
difference between the temperature expansion coefficients of Si substrate 
(10.9 × 10−6°С−1) and Cr sublayer film (3.1 × 10−6°С−1) promotes the appearance 
of significant mechanical stresses during annealing in the film/substrate contact, 
which causes fragmentation and rupture of the metal film into separate islands. CC 
formed at a temperature of 700°С is characterized by a larger scatter of geometric 
parameters, which is associated with the initiation of the film breakdown process 
and insufficiently intense surface diffusion of Ni atoms. As the temperature rises to 
750°С, diffusion exchange of atoms is activated through the contact plane between 
the film and the substrate. As the plasticity of the metal increases, the consolidation 
of small CC into larger ones with a decrease in the scatter of their height is observed.
When the temperature rises above 750°С, a simultaneous process of sublimation 
and surface diffusion is observed, which leads to a decrease in the diameter and 
height of the CC. At the same time, there is a decrease in the number of small CCs, 
which were observed at a temperature of 700°С.
To analyze the processes occurring in the films of the catalyst and the sublayer 
during heating, the sample with 750°C heated temperature was investigated by 
EXAFS. The obtained X-ray absorption spectra (Figure 3) were compared with 
spectra of the reference substrates.
The results of the research show that in the Ni/Cr/Si structure, Ni is mainly in 
the oxidized state (the volume of pure Ni is ~30%). The Cr absorption spectrum 
(Figure 3b) coincides with the reference spectrum of Cr2O3.
For the subsequent growth of CNTs, it is necessary to form QC from pure Ni; 
therefore, it is necessary to carry out the process of “activation” (i.e., reduction) of 
Ni from NiO before synthesizing CNTs.
This research was supported by the Russian Science Foundation under grant no. 
18-79-00176.
Figure 1. 
SEM images of CC formed at different heating temperatures: (a) 700°С, (b) 800°С.
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2.3 The effect of activation time on the catalytic center formation
The ammonia gas line in the PECVD module allows for the “activation” process. 
“Activation” is the exposure of samples in an NH3 atmosphere (210 sccm) obtained 
at the heating stage. The use of a DC high-voltage source allows to initiate the plasma 
at the “activation” stage. To analyze the effect of “activation” stage on the catalytic 
center parameters, a series of experiments were carried out to determine the depen-
dence of the effect of exposure time in ammonia with and without plasma initiation.
In the beginning, experimental samples were created at the heating stage (heating 
to 750°С for 20 min, in an atmosphere of Ar (40 sccm) and NH3 (15 sccm)). Upon 
completion of the heating stage, the “activation” stage began. Only NH3 (210 sccm) 
was fed into the chamber, while the heating temperature did not change. The expo-
sure time of the samples was 1, 3, and 5 min. Sample nos. 1–3 were exposed without 
plasma initiation, nos. 4–6 with initiation ammonia plasma.
Research of CC parameters was provided by AFM and SEM. The results of 
numerical processing AFM images are present on Figure 4.
Based on the data obtained, it can be concluded that the “activation” process has a 
significant impact on the evolution of catalytic centers. Moreover, the greatest contri-
bution is made by the impact time and not by the presence of plasma in the process.
Comparison of dependencies of Figures 2 and 4 shows that exposure in ammo-
nium atmosphere leads to additional etching of Ni CC and reducing their diameter 
and height. At the activation stage are formed more ordered and uniform CC arrays 
in comparison with arrays obtained at the heating stage. It is shown that an increase 
Figure 2. 
Dependencies of diameter (a) and height (b) from the substrate heating temperature.
Figure 3. 
EXAFS spectra of Ni/Cr/Si structures after baking at the heating stage, for the absorption energy range of Ni 
(a) and Cr (b).
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in the processing time of a СC at the “activation” stage allows not only to reduce the 
СС sizes from 122 ± 19 to 65 ± 9 nm (in the 1–5 min exposure time range), but also 
to increase their homogeneity.
Investigation of the activation process effect on the reduction of NiO to Ni was 
not carried out due to possible oxidation of СС during the chamber vacuum is 
released.
This study was supported by the Russian Science Foundation under grant no. 
18-79-00176.
2.4  The effect of growth temperature on carbon nanotubes geometric 
dimensions
The growth stage is a technological step which begun after the “activation” stage. 
Into the chamber of the PECVD module a mixture of NH3 (210 sccm) and C2H2 
(70 sccm) gases is fed. Plasma is initiated for the vertical alignment of CNT relative 
to the substrate in the growth process.
SEM images of the grown CNTs are present in Figure 5. Due to the features of 
the CNTs growing process in PECVD module, set temperature in the heating step 
also serves “activation” and growth temperatures.
The SEM images show the integral temperature effect, which is associated both 
with the formation of CC at the stages of heating and activation, and with the 
CNT growth processes at set temperature. For samples obtained at a temperature 
of 650°C, characterized by the height of the CNT array 65 ± 5 nm, with a diameter 
of 25 ± 3 nm and the presence of disoriented CNTs. CNTs are grown by the “tip” 
mechanism. Increasing the temperature to 700°С leads to the elimination of the for-
mation of disoriented CNTs and CNT geometric dimensions are in the same range 
(diameter 25 ± 4 nm, height 66 ± 5 nm). This effect may be associated with better 
hydrogen desorption in the decomposition of acetylene on CC surface. This leads 
to the formation of a less “defective” carbon layer on the CC surface, which does 
not give branching and disorientation of CNT. A raise temperature to 750°С leads 
to an increase in the mobility of the CC and association smaller CC into larger. The 
parameters of CNT were: diameter 44 ± 3 nm and height 80 ± 9 nm. Also observed 
growth of individual CNTs with a diameter of 70 ± 3 nm and height 350 ± 10 nm. At 
800°С diameter and height of CNT arrays were 51 ± 6 nm and 100 ± 12, respectively. 
There is also observed of individual CNT with a height of 600 ± 24 nm and diameter 
of 52 ± 6 nm. The observed with increasing temperature, raising CNT diameter indi-
cating continued association small CC into larger in heating and activation stages. 
The almost complete absence of CNTs with a diameter of less than 25 nm indicates 
Figure 4. 
Dependencies of diameter (a) and height (b) on time of activate.
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the ongoing process of absorption of small CC by larger ones or possible sublimation 
of small CC at a given temperature. However, with increasing temperature the pro-
cess of acetylene desorption from the sample surface is accelerated. Thus, not having 
time to react with the CC carbon-containing gas is pumped out by vacuum system.
Structural analysis of the VA CNT arrays grown at temperatures of 700, 750, and 
800°С was carried out using the Raman spectroscopy (Figure 6).
Figure 5. 
Images of VA CNT arrays obtained at different growth temperatures: (a) TEM image, 750°С; and SEM images: 
(b) 700°С; (c) 750°С; (d) 800°С.
Figure 6. 
Raman spectra of the VA CNT arrays grown at different temperatures.
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The absence of the RBM mode in the range of 0–200 cm−1 and the presence of 
D- and G-modes on the spectrum shows that the grown CNTs are multiwalled. The 
ratio of the peaks ID/IG shows that the defectiveness of the tubes is 0.91, 0.88 and 0.90 
for growth temperatures of 700, 750 and 800°С, respectively. High “defects” of CNT is 
related with the features of samples structure and technique for obtaining the spectra 
at which the laser beam falls along the normal to the substrate surface. The presence of 
Ni CC in the top of the CNTs can lead to an increase in the amplitude of the D-mode 
and, as a result, cause symmetry breaking of the graphite layer with sp2 hybridization 
of carbon atoms, which is recorded in the spectrum. However, a comparative analysis 
found that CNT obtained at a temperature of 750°С characterized by the lowest “defec-
tiveness”. The ratio of the amplitude of the main mode of Si to the G-mode of a CNT 
qualitatively shows that the concentration of CNTs grown at a temperature of 750°C is 
3.1% and 5.2% higher than that of samples grown at 800 and 700°С, respectively.
CNTs grown at a temperature of 750°С were investigated using EXAFS. X-ray 
absorption spectra are shown in Figure 7.
The EXAFS results show that Ni on CNT samples have almost completely recov-
ered, with a metal percentage of 90–95%. A decrease in the spectrum intensity of 
the chromium absorption energy range of a sample with CNT (Figure 7b) compared 
to a sample with CC (Figure 3b) suggests the presence of a phase transformation of 
Cr2O3 to CrO, or the formation of a solid solution of Cr2O3 + Cr3C2. The reduction 
of the oxidized chromium sublayer to metallic Cr does not occur at the all stages of 
PECVD process. A comparative analysis of the diameter of CC formed at the end of 
the “activation” stage and the diameter of grown CNTs allows to conclude that CC 
with a diameter of less than 70–90 nm produce growth of single CNTs.
This study was supported by the Russian Science Foundation under grant no. 
18-79-00176.
2.5 Effect of heating rate on the carbon nanotube parameters
To investigate the effect of heating rate on the geometric dimensions of CNTs, a 
series of experiments on heating samples to temperatures of 650, 750, and 800°С in 
20 and 45 min were carried out (Figure 8).
Based on the data obtained from SEM images (Figure 9), it can be concluded 
that at low heating temperatures (650°C), the heating rate does not have a signifi-
cant impact on the parameters of the grown CNTs.
In sample nos. 1 and 2, the CNTs diameter was about 30 nm and height about 
45 nm. When the temperature rises to 750°С in sample no. 3, compared with nos. 1 
and 2, there is an increase of CNTs height (300 ± 35 nm) and diameter (54 ± 8 nm). 
An increase in heating time to 45 min (sample no. 4) leads to a decrease in the 
dispersion of the CCs diameter at the heating stage. The CNT arrays on sample no. 
4 have a greater homogeneity of nanotubes (as compared with samples No 3), and 
diameter was 45 ± 4 nm and height 280 ± 30 nm. These geometrical dimensions 
indicate the absorption of small CCs by large CCs at the heating and activation 
stages, with the subsequent sublimation of CCs. Heating the sample no. 5 to 800°С 
in 20 min allowed to form CNT arrays with diameter of 60 ± 7 nm and height of 
120 ± 10 nm. Separate CNTs with heights up to 600 nm were observed. A decrease 
in the sample no. 6 heating rate (800°С for 45 min) leads to the formation of CNTs 
with a diameter of 65 ± 6 nm and a height of 85 ± 10 nm. It can be assumed that at 
a temperature of 800°С, an increase in СС formation time leads to raising in the 
number of silicon atoms “jumps” and their exit through the CrxSiy/Cr layer to nickel 
CCs. In this case, Ni interacts well with Si with formation of nickel silicides, which 
causes a decrease in the catalytic activity of Ni. An increase in the heating time to 
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45 min becomes sufficient to saturate nickel ССs with silicon, and a temperature of 
800°C leads to a better dissolution of carbon in the poisoned CC. As a result, CC is 
oversaturated by carbon, with subsequent carbidization of the catalyst and stop-
ping the growth process.
It should be noted that heating above 650°С does not have a significant effect on 
the diameter of the grown CNTs. However, control of the heating rate and growth 
temperature allows stabilizing the height of the CNT at 280 ± 30 nm and reducing 
the variation of nanotube diameters.
Figure 7. 
EXAFS spectra of Ni/Cr/Si structure after growth process for the absorption energy range of Ni (a) and Cr (b).
Figure 8. 
Schematic representation of the CNT growing process on samples with different heating rates.
Figure 9. 
SEM images of substrates with CNT heated for 45 min to temperatures: (a) 750°С, (b) 800°С.
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2.6 The effect of activation time on the carbon nanotube parameters
To investigate the effect of the activation process on the CNTs growth without 
plasma, the values of diameter, height, and density of CNT for all samples were 
determined in [27] (Table 1).
An increase in the diameter and a decrease density of CNTs at intervals of 1–3 
and 6–10 min is associated with the predominance of the absorption processes of 
small centers with large centers. But at the time intervals of 3–6 and 10–15 min, the 
etching processes of СC in the ammonia atmosphere prevail. At the same time, the 
intervals of 3–6 and 10–15 min are dominated by the processes of CC etching in 
the ammonia atmosphere. All obtained CNTs are grown by the “top” mechanism. 
It should be noted that when the activation time is more than 1 min, the CNTs in 
the growth process begin to unite into bundles, which is not observed when CC is 
activated in the plasma. With an increase in the activation time, a decrease in the 
deviation of the growing tubes from the normal to the substrate is observed.
To assess the effect of the growth process on the parameters of CNT, an experi-
ment without the “activation” stage was conducted. SEM images of the obtained 
CNTs are shown in Figure 10.
From Figure 10, it can be seen that the CNTs obtained without “activation” stage 
are grown by the “root” mechanism, and the open CNTs peaks begin to branch with 
graphite flakes formation. Thus, control of the activation process allows to control 
CNT growth mechanism.
2.7 The effect of growth time on the carbon nanotube parameters
To research the growth time effect on the geometrical dimensions of CNTs, 
samples with CNTs, whose growth time was 5, 10, 15, and 30 min, were investigated 
by [28].
As a result of processing the obtained SEM images (Figure 11), the dependences 
of the diameter and height of the CNT on the growth time (Figure 12) are shown.
From the obtained dependences (Figure 12), it is seen that with an increase in 
the growth time to 15 min, the diameter and height of the CNT vary linearly with 
time. In the interval of growth from 15 to 30 min CNTs diameter does not change 
significantly, and the height dependence has a tendency to saturate. Thus, it can be 
assumed that in the initial stages simultaneously with the increase in length, the 
formation of new walls of CNTs occurs, which leads to an increase in the external 
diameter of the nanotubes. When in these technological modes the critical size of 
the CNT is reached, the disorientation of the CNTs begins (Figure 11c).
The investigation of CNTs by the Raman spectroscopy (Figure 13) showed 
that the spectra of CNTs grown within 5 min are almost the same as the spec-
tra of CNTs grown within 10 min. CNTs grown for 15 min show a noticeable 
Activation time, min CNTs’ diameter, nm CNTs’ height, nm CNTs’ density, mkm−1
1 26 ± 4 77 ± 8 410 ± 38
3 35 ± 8 250 ± 20 250 ± 25
6 24 ± 4 200 ± 9 171 ± 18
10 51 ± 11 260 ± 22 136 ± 16
15 50 ± 5 310 ± 25 228 ± 23
Table 1. 
Parameters of CNT grown at different activation time.
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increase in the intensity of the spectrum. That is, an increase in the height of the 
CNT leads to an increase in Raman intensity. The ratio of ID/IG peaks was found 
to be 0.95, 0.86, and 0.91 for growth times of 5, 10, and 15 min, respectively. 
The high “defectiveness” of CNTs grown within 5 min is explained by the small 
height and diameter of CNTs, where most of the volume of CNTs is the catalytic 
center, which makes a large contribution to the intensity of the D-mode.
With a raised growth time of 10 min, an increase in the aspect ratio and 
a decrease in “defects” of CNTs are obtained. However, a further increase in 
growth time causes the process of undercutting of the base of a CNT by plasma 
Figure 10. 
CNT arrays grown without activation at different magnification: (a) 40000×, (b) 200000×.
Figure 11. 
SEM images of CNT grown at different time: (a) 5 min, (b) 15 min, (c) 30 min, and (d) TEM image (15 min).
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(Figure 14). The processing time in plasma increases with increasing time of 
growth itself, which leads to disruption of carbon bonds and the growth of the 
D-mode in Raman spectra.
Figure 12. 
Dependence of diameter (a) and height (b) of CNT on growth time.
Figure 13. 
Raman spectra of the VA CNT arrays with 5, 10, and 15 min grown time.
Figure 14. 
CNTs grown for 15 min.
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Thus, the growth time has a significant impact on both the height of the CNTs 
and their “defectiveness.” Therefore, to obtain CNTs of greater height with less 
“defectiveness,” it is necessary to select modes with lower plasma power or growth 
time, as well as increase the pressure of carbon-containing gas to accelerate the 
transport of acetylene to the CCs.
This study was supported by the Russian Science Foundation under grant no. 
18-79-00176.
3. Conclusion
As a result of the performed research, the PECVD modes of production 
CC with controlled parameters were determined. It is shown that heating at 
a temperature of 700–800°C, with simultaneous inlet of argon and ammonia 
into the PECVD chamber, makes it possible to obtain CCs with a diameter of 
110 ± 11 nm and a height of 40 ± 7 nm. It was established that ammonia at the 
“activation” stage allows reducing the diameter (up to 90 ± 18 nm) and height (up 
to 18 ± 3 nm), as well as increasing the homogeneity of the array of the obtained 
catalytic centers. It was confirmed that on the heating stage, Ni CCs are in an 
oxidized state with an Ni content of ~30%, but Ni is reduced to almost pure metal 
(95%) at the “activation” stage.
It is established that the growth temperature of 750°C shows the smallest 
“defectiveness” of CNTs with a diameter of 44 ± 3 nm and a height of 80 ± 9 nm. It 
is shown that at low temperatures (650°C), the heating rate does not have a signifi-
cant impact on the parameters of the grown CNTs, herewith diameter and height 
of the CNT was about 30 and 45 nm, respectively. Heating above 650°C does not 
affect the diameter of the obtained CNT; however, control of the heating rate and 
growth temperature allows stabilizing the height of the CNT at 280 ± 30 nm with a 
diameter of 45 ± 4 nm.
The PECVD modes of growth CNTs with controlled “tip” and “root” mecha-
nisms are determined. It was established that the control of technological param-
eters at the “activation” stage allows to control the diameter (24 ± 4 – 51 ± 11 nm) 
and density (136 ± 16 – 410 ± 38 μm−2) of CNTs.
The obtained results can be used in the development of technological processes 
for the creation of ultrafast energy-efficient electronic components based on carbon 
nanostructures, particularly nanoelectromechanical switches [43, 44], flexo- and 
piezogenerators [45, 46], gas sensors [47, 48], and highly efficient autoelectronic 
emitters [49, 50].
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